Abstract The development of an efficient technology for removing fine particles in flue gas is essential as the haze is becoming more and more serious. To improve agglomeration effectiveness of fine particles, a dual zone electric agglomeration device consisting of a charging chamber and an agglomeration chamber with bipolar barb electrodes was developed. The bipolar barb electric agglomerator with a polar distance of 200 mm demonstrates good agglomeration effectiveness for particles with a size less than 8.0 µm under applied AC electric field. An optimal condition for achieving better agglomeration effectiveness was found to be as follows: flue gas flow velocity of 3.00 m/s, particle concentration of 2.00 g/m 3 , output voltage of 35 kV and length of the barb of 16 mm. In addition, 4.0-6.0 µm particles have the best effectiveness with the variation of particle volume occupancy of −3.2.
Introduction
It is reported that China has become a most serious pollution region by fine particles over the whole world [1] . The pollution problems caused by PM 2.5 , a kind of fine particles, have been widely studied [2−4] . Fine particles are the main origin of atmosphere dust and are very harmful to human health after being breathed into the respiratory system [5] . It is in urgent need to efficiently remove the PM 2.5 particles from air environment. As the main equipment for collecting industrial dust, the electrostatic precipitator (ESP) is expected to find potential applications in the control of fine particles. Nevertheless, the efficiency of traditional ESP in the collection of fine particles from flue gas is still rather low up to now [6] .
The electric agglomeration technology that can pre-process the dust in flue gas is nowadays the main method to enhance the collection efficiency of ESP [7−11] . That is, the fine particles are agglomerated into bigger ones before collection under an applied electric field. It has been demonstrated that the particle concentration, size, moving velocity, charges on particle, and electric field can affect the agglomeration effectiveness in electric agglomeration technology [12] . Kildes and coworkers [13] showed that the effectiveness of opposite polarity charged dust's agglomeration in an alternating electric field is better than that of opposite polarity charged dust's Coulomb agglomeration. Watanabe and coworkers [14] have developed an electric agglomerator consisting of charging, agglomeration and collection areas. Their results showed that, in an alternating electric field, the agglomeration effectiveness of fine particles is greater than that without electric field due to the increased collision opportunity of the particles subjected to enhanced reciprocating vibration of charged particles in an alternating electric field. Laitinen and coworkers [15, 16] studied the laminar flow conditions and the effect of alternating electric field on agglomeration effectiveness of opposite polarity charged submicron-sized vegetable oil particles and found that, in an alternating electric field, the agglomeration effectiveness is affected by the particle size, the initial particle concentration and the electric field strength. Extensive theoretical [17−19] and experimental [20−22] studies on the electric agglomeration technologies have been carried out by many researchers. However, electric agglomeration devices have not been widely used in practical applications. The reason is that most of the designed devices don't have good collection efficiency. Particularly, these devices are too huge to be suitable for convenient applications. Here, a novel bipolar barb electric agglomerator is developed which exhibits rather high effectiveness in collecting fine particles.
2 Experimental apparatus and methods sists of a charging chamber and an agglomeration chamber. There is an eight-foot barb wire as discharge electrode with a C-type plate as ground electrode in the charging chamber. The distance between the discharge and the ground electrodes is 200 mm. The charging chamber is powered by a DC voltage supplier (0-100 kV with current of 0.005-1 A) to pre-charge the particles. The agglomeration chamber is powered by an AC voltage supplier (50 Hz, 0-50 kV). There are three barb plates in the agglomeration chamber. The barbs on the plate serve as discharge electrode and ground electrode. In the analysis, the flue gas flow velocity of 1-3 m/s is controlled by the frequency of fan. The simulating dust is talc powder with flow concentration of 1-4 g/m 3 controlled by a powder feeder. As shown in Fig. 2 , the length of the barb is 8 mm and the distance between discharge electrode and ground electrode (polar distance) is 100 mm in the agglomeration chamber. The vertical and horizontal distance between each barb is 50 mm on discharge electrode and ground electrode. When a high voltage is applied to the agglomeration chamber, the barbs form corona discharge, producing a large number of cations and anions. Once the flue gas passes through the electric field, the particles will collide with the cations and anions and will be charged. Under the action of ion wind and electric field force, the negatively charged particles will move to the anticorona polar while positively charged particles move to the corona polar. As a result, the oppositely charged fine particles will be agglomerated into larger ones because of frequent collisions, and will be removed subsequently. In another case not shown here, the length of the barb is 16 mm and the distance is 200 mm, and the only difference is the length of the barb and the polar distance, as compared to the case with distance of 100 mm. To test the efficiency of this device, particles with the feeding rate of 10-200 g/min are injected into the gas by a powder feeder. Then, the air loaded with particles is sucked into the pre-charging chamber through a pipeline by a frequency conversion fan (0-50 Hz, 2.20 kW). Finally the pre-charged particles are driven into the agglomeration chamber to be agglomerated.
Experimental apparatus
The gas with agglomerated particles is exhausted from the agglomeration chamber by a frequency conversion fan and enters into a Pitot tube automatic smoke (gas) sampler for analysis. The sampling flow rate is 5-80 L/min with accuracy better than 2.5%. At the bottom of the device is an ash hopper, where the ashes can be removed at any time during the experiment. The wall of the device is made of 3 mm thick steel plate with an organic glass window, as shown in Figs. 1 and 2 . 
Experimental method
The particle volume occupancy was measured by a Malvern laser particle size analyzer (Mastersizer 2000). The variation of particle volume occupancy, ∆ν, is used to evaluate the agglomeration effectiveness [23] :
where ν 0 and ν are the particle volume occupancies for a particle diameter of d before agglomeration and after agglomeration, respectively. The particle volume occupancy was measured by a Malvern laser particle size analyzer (Mastersizer 2000). If ∆ν < 0, the variation of particle volume occupancy decreases, if ∆ν = 0, the variation of particle volume occupancy remains unchanged and if ∆ν > 0, the variation of particle volume occupancy increases.
3 Results and discussions
Effect of flue gas flow velocity
Under the condition of 2.00 g/m 3 particle concentration, different flow velocities such as 1.20 m/s, 1.80 m/s and 3.00 m/s were tested. The AC output voltages of 20 kV and 35 kV were used for the polar distances of 100 mm and 200 mm, respectively. The variation of particle volume occupancy ∆ν with different diameters after agglomeration is shown in Fig. 3 .
From Fig. 3 one can see that ∆ν is negative for small particles, while positive for large particles, indicating agglomeration of small particles into large ones. It was found that the flow velocity has little effect on the agglomeration effectiveness for the polar distance of 200 mm, and the agglomeration effectiveness of 6.0 µm particles is the highest with ∆ν=−3.2, as shown in Fig. 3(a) . However, when the polar distance of 100 mm is used, a low flow velocity of 1.20 m/s results in a better agglomeration effectiveness than the high flow velocity like 1.80 m/s and 3.00 m/s, and the agglomeration effectiveness of 4.0 µm particles is the highest with ∆ν= −1.6, as shown in Fig. 3(b) . It is worth noting that the polar distance of 200 mm displays better agglomeration effectiveness than that of 100 mm in spite of the flow velocity. The smaller the polar distance, the more obvious the influence of flow velocity on the agglomeration effectiveness. 
Effect of particle concentration
The influence of particle concentrations (of 1.00 g/m 3 , 2.00 g/m 3 and 4.00 g/m 3 ) on the agglomeration effectiveness was investigated for a constant flow velocity of 1.20 m/s and different polar distances. The AC output voltages of 20 kV and 35 kV were used for the polar distances of 100 mm and 200 mm, respectively. It was found that the agglomeration effectiveness is nearly the same for the three particle concentrations with the polar distance of 200 mm, as shown in Fig. 4(a) , and the particles with a size of 4.0-6.0 µm have the best agglomeration effectiveness. The agglomeration effectiveness for the particle concentration of 2.00 g/m 3 is slightly higher with ∆ν= −2.6. When the polar distance of 100 mm is used, it was found that the agglomeration effectiveness depends strongly on the particle concentration, as shown in Fig. 4(b) . The agglomeration effectiveness for the particle concentration of 1.00 g/m 3 is higher than that for the other two particle concentrations, and the particles with size of 4.0 µm have the same agglomeration effectiveness of ∆ν=−1.5 for all these three concentrations. Here again, the polar distance of 200 mm has better agglomeration effectiveness. Fig. 5(a) . An increase in output voltage will help the particles charging, resulting in an enhanced agglomeration, and if the particles are already fully charged, further increasing peak voltage will have no impact on the agglomeration effectiveness. For the polar distance of 100 mm, the agglomeration effectiveness has almost no change when AC output voltage increases from 10 kV to 20 kV, but is remarkably improved with further increase of the AC output voltage to 30 kV, as shown in Fig. 5(b) . Interestingly, the agglomeration effectiveness for particles with the size of 4.0 µm has the highest agglomeration effectiveness under all tested output voltages, regardless of the polar distance. The above results can be used to optimize the agglomeration area voltage for practical applications.
Effect of other factors
Other factors might also affect the agglomeration of particles besides flue gas flow velocity, particle concentration and output voltage. The particles used in our study are talc powder; the results could be different if other kinds of particles are used in the same experimental condition. A certain amount of large particles may be collected in the pre-discharging chamber by the ground electrodes during experiments, but it has little influence on the experimental results as the main concern is the agglomeration of fine particles. 
Conclusion
A bipolar barb agglomerator is developed as a novel electric device for the agglomeration and removal of fine particles. The results show that the device with polar distance of 100-200 mm exhibits better agglomeration effectiveness under the following conditions: the flow velocity of 1.20-3.00 m/s, the particle concentration of 1.00-2.00 g/m 3 , and the AC output voltage of 30-35 kV. Our bipolar barb agglomerator not only has the advantages of simple structure, small volume and low cost, but also has good agglomeration effectiveness for particles with a size less than 8.0 µm.
